Homeoproteins are transcription factors known to be involved in the early patterning of the nervous system and in lineage decisions. While studying a possible role for homeoproteins at later stages of neuronal differentiation, we observed that the Antennapedia homeodomain is internalized by neurons, translocated to their nuclei, and enhances neurite outgrowth. Studies with mutant homeodomains showed that neurite elongation by post-mitotic vertebrate neurons is regulated by homeoproteins. An intriguing possibility suggested by these results, is that full length homeoproteins might be able to translocate through neuronal membranes. We now report that the entire Hoxa-5 homeoprotein is taken up by fibroblasts and neurons in culture and conveyed to their nuclei. Internalization occurs at 4 and 37°C, and at concentrations as low as 10 pM compatible with a physiological mechanism.
Introduction
Homeogenes code for transcription factors that bind dsDNA through a highly conserved structure, 60 amino acids in length, called the homeodomain. Their products, the homeoproteins, are expressed in the nervous system not only in the early periods of its development but also at later stages, when post-mitotic neurons mature and when specific cell-cell contacts are being formed. The role of homeoproteins in this second phase of expression is not resolved but several observations indicate that they might participate in the control of neurite elongation, in guidance and in target cell recognition.
A first series of evidence comes from the analysis of mutants in invertebrates. Indeed, in Drosophila, the mutation of specific homeogenes in their second phase of expression modifies neurite morphology, a finding that can be either interpreted as a modification in lineage or as a change in the trajectory of growth cones (Doe et ai., 1988; Chiang et ai., 1994) . Another illustration comes from the Nematode, in which a mutation in the homeogene unc-4 leads to aberrant synaptogenesis between * Corresponding author. Tel.: +33 1 44323926; fax: 33 1 44323988; e-mail: prochian@wotan.ensJr subsets of interneurons and motor neurons (Miller et ai., 1992; White et ai., 1992) .
A second series of evidence is provided by the nature of putative homeoprotein target genes identified on the basis of a structural and functional analysis of their promoters. It is noteworthy that several of them are adhesion molecules, recognized as instrumental in neurite elongation and synaptogenesis. Two good examples are the neural adhesion molecule NCAM (Jones et ai., 1992b; Jones et ai., 1993; Valarche et ai., 1993) and the amyloid precursor protein/3APP (Violette et ai., 1992) .
Finally, a role for homeoproteins in neurite elongation can be postulated on the basis of experiments achieved in our own laboratory. The principle of these experiments was to load the neuronal nuclei with a homeodomain capable of competing with endogenous homeoproteins for their genomic cognate binding sites. We observed that the internalization of the homeodomain of Antennapedia displaced endogenous homeoproteins from their promoters and enhanced neurite elongation in motor neurons and in a subpopulation of cortical neurons (Joliot et ai., 1991a,b; Bloch-Gallego et ai., 1993) . This enhancing effect of the homeodomain (pAntp) on neurite growth was not seen with a version of the homeodomain in which glutamine in position 50 was replaced by an alanine (pAntp50A), a mutation that strongly reduces the affinity between the homeodomain and its target sites (Le Roux et aI., 1993) . It could thus be inferred that homeoproteins playa role in the in vitro differentiation of post-mitotic neurons.
In the course of these experiments we accidentally observed that the homeodomain of Antennapedia was spontaneously internalized by nerve cells in culture and conveyed to their cytoplasmic and nuclear compartments (Joliot et aI., 1991a,b) . Internalization was energy independent, did not rely on classical endocytosis and was abolished by distinct mutations within the third helix of the homeodomain (Le Roux et aI., 1993) . We also demonstrated that the third helix, chemically synthesized, was internalized (Derossi et aI., 1994) . This result was interesting for two reasons. First, it allowed us to derive from the third helix a very potent vector for the intracytoplasmic and intranuclear addressing of exogenous compounds. Secondly, it suggested that, because the third helix is highly conserved among homeodomains, other homeodomains might also be internalized by live cells and translocated to the nuclei.
The finding that both the Antennapedia homeodomain and fusion peptides of up to 100 amino acids in length can be internalized (Perez et aI., 1992) led us to propose that, in addition to their well known cell-autonomous intracrine activity, some homeoproteins may also have an unexpected paracrine action. The latter possibility, al- Struhl (1981) and more recently by Tautz and Sommer (1995) had never been directly tested. A paracrine or autocrine activity of homeoproteins requires that full length homeoproteins be secreted and internalized. In the present study we report, for the first time, that an entire homeoprotein can be internalized by neurons and fibroblasts in culture and conveyed, intact, to their nuclei.
Results
Recombinant proteins produced and used in this study are schematized in Fig. 1 . Two are derived from the homeodomain of Antennapedia (Joliot et aI., 1991a; Perez et aI., 1992) and five from Hoxa-5. They were labelled with one or two tags to facilitate their purification or identification by immunocytochemical methods. Amr, ARr, hHoxaSr, hHoxaSHDr and mHoxaSr were added for 3 h at 37°C to LTK-fibroblasts in culture at concentrations of between 50 and 150 nM. As shown by immunocytochemistry using the anti-rab3 antibody (anti r, which recognizes the C-ter tag), Hoxa-5 homeodomain was internalized by all cells and was accumulated in the nuclei (Fig. 2B) . The protein ARr (mol. wt. 33 kDa), in which the entire rab3A sequence was fused to the homeodomain of Antennapedia, was not internalized (Fig. 2C ). In contrast, the homeoprotein hHoxaSr (mol. wt. 33 kDa) was efficiently internalized (Fig. 2D) Structure of homeoprotein-derived polypeptides. Symbols: dark shading, Antennapedia homeodomain; black shading, myc epitope; right diagonal black shading, rab3A C-terminus; right diagonal grey shading, rab3A but its C-terminus; white area, polyhistidine-factor Xa cleavage site; dotted shading, extra-homeodomain Hoxa-5 regions; left diagonal shading, Hoxa-5 homeodomain. Numbers refer to amino acid positions in Hoxa-5 (270 amino acids). ARr and Amr are derived from the Antennapedia homeodomain (A) by addition of either rab3A (a small GTP-binding protein (Perez et al., 1992» or a myc epitope (Evan et al., 1985) (m) plus the C-terminus of rab3A (r). The five other proteins are derived from Hoxa-5 and have two of the following tags: m, r or h (6 histidine plus factor Xa cleavage site). hHoxa5HDr is almost limited to Hoxa-5 homeodomain; hHoxaSr, mHoxa5r and hHoxaSm correspond to full-length or nearly full length Hoxa-5; hHoxaSl1HDm corresponds to Hoxa-5 deleted from its C-terminus (primarily its homeodomain). nuclei as confirmed by serial confocal sections (Fig. 2Fl-4 ).
In a second series of experiments, rat cortical neurons dissociated at embryonic day 15 and maintained for 2 days in culture were incubated with mHoxaSr for 3 h at 4°C (to prevent classical endocytosis) or 37°C and immunoreacted with the anti-myc (anti-m, which recognizes the N-terminal tag) antibody. mHoxaSr was internalized by nerve cells at both temperatures: 37°C (not shown) and 4°C (Fig. 3A) . Preincubation of mHoxaSr with anti-r antibody (which recognizes the C-ter tag) before its addition to the cells, strongly decreased mHoxaSr internalization detected by immunostaining using the anti-m antibody (which recognizes the N-terminal tag, Fig. 3B) . A control in which the protein was preincubated with an antiengrailed antibody showed no inhibition of mHoxaSr internalization (Fig. 3C) . The same experiments were performed with Amr, the homeodomain of Antennapedia double-tagged with m and r, and gave identical results ( Fig. 3D-F) .
The finding that incubating the protein with an antibody against one tag prevents the internalization of the other tag suggests that full-length polypeptides are taken up at 4°C by neurons in culture. This conclusion is confirmed by experiments in which freshly dissociated neurons were incubated at 4°C for 2 h with radioactive hHoxaSm or Amr at a concentration of 10 pM, synthesized by in vitro transcription-translation and purified on heparin-sepharose (Fig. 3G ). As illustrated in Fig. 3H-I The ratio between the amount of full-length protein internalized and the amount in the culture medium at the end of the incubation determined by scanning of the autoradiograms was taken as 1 and corresponds to an internalization of 5% of Hoxa-5 molecules added to the culture. Two independent experiments gave the same results.
the homeodomain of Antennapedia and the Hoxa-5 protein are taken up by the cells and, after extraction, migrate at a velocity identical to that of intact proteins (lanes a). Their internalization is reduced by a short preincubation with the anti-m (lanes b) but not with an anti-engrailed antibody (not shown). Finally, to evaluate the role of the homeodomain in Hoxa-5 internalization, hHoxaSm lacking its homeodomain plus 16 amino acids downstream of the third helix was produced by in vitro transcription translation (hHoxaS~HDm, Fig. 1 ). As illustrated and quantified in Fig. 4 , removing this region virtually abolishes Hoxa-5 internalization.
Discussion
We have previously observed that the homeodomain of Antennapedia is translocated through biological membranes and conveyed to cell nuclei (Joliot et aI., 1991a) . Internalization is totally abolished by discrete modifications in the third helix suggesting that the structure of this region of the homeodomain is important for translocation (Le Roux et aI., 1993) . In fact, a 16 amino acid long peptide corresponding to the third helix of the Antennapedia homeodomain is internalized at both 37°C and 4°C and targeted to the nucleus (Derossi et aI., 1994) . The extreme conservation of the third helix of the homeodomain among homeoproteins suggests that translocation across membranes and nuclear targeting is a shared property of several homeodomains. Our results confirm that this property is shared at least by the homeodomain of Hoxa-5 (this report), and those of fushi tarazu and chick Engrailed-2 (unpublished results).
The internalization of full length Hoxa-5 is more surprising. It is, however, clearly demonstrated by the appropriate electrophoretic mobility of the internalized product and the fact that complexing a C-terminal tag with the corresponding antibody prevents the internalization of a second tag at the other extremity of the protein.
Internalization was observed at all concentrations tested from 10 pM to 150 nM.
It is noteworthy that ARr, a chimeric construct in which the homeodomain of Antennapedia was linked to full-length rab3A, was not internalized at any concentration (up to 500 nM). The position of the homeodomain (C-terminal in Hoxa-5 and N-terminal in ARr) may be an important factor for uptake. Another hypothesis is that sequences outside the homeodomain are important to permit the translocation of a full-length homeoprotein. However, an efficient capture of Hoxa-5 requires its Cterminal region, very likely the homeodomain (Fig. 4) .
The internalization and nuclear targeting of high molecular weight proteins is not unique to homeodomains or homeoproteins. Recent experiments have demonstrated that the HIV retrovirus Tat protein (Mann and Frankel, 1991) , FGF-l (Reiland and Rapraeger, 1993) , FGF-2 (Wiedlocha et aI., 1994) , Schwannoma derived growth factor (Kimura, 1993) and lactoferrin (He and Furmanski, 1995) have the same unexpected behaviour and that part of their in vitro biological activity requires translocation and nuclear targeting. It is particularly striking that homeoproteins, as is the case for FGF-l and -2, lack a signal peptide. Their putative secretion would either implicate their translocation into the endoplasmic reticulum or an unconventional mechanism of secretion, as postulated for interleukin-l (Prochiantz et aI., 1992) .
The evaluation of the physiological significance of our results will await the results of ongoing in vivo studies. (1) the variety of specific adhesion molecules at the cell surface is a direct representation of its nuclear combination of homeoproteins, which differs between cells from different regions. (2) After a first contact transducing events (red arrow) may lead to modifications in transcriptional activity, which will eventually modulate adhesion properties (3). Comments: signalling by homeoprotein transfer as depicted in model A does not preclude the existence of classical transducing events (as in model B). Only adhesion events were considered here, but other properties of the cell could be modulated through a reciprocal exchange of homeoproteins, for example the structure and dynamics of the cytoskeleton. Comparing the two models, it appears that model A is more parsimonious because specific recognition does not involve a large number of key-lock structures.
However, in this context, it is noteworthy that Hoxa-7 immunoreactivity has been demonstrated in the axons of spinal cord neurons developing in vivo (c. Abate, pers. commun.). The possibility that homeoproteins are secreted and thus may act as polypeptidic messengers, although hypothetical, represents an unexpected way for cells in a developing organism to exchange positional information (Prochiantz et aI., 1992; Prochiantz and Theodore, 1995) . Since several adhesion molecules (Jones et aI., 1992a (Jones et aI., ,b, 1993 Valarche et aI., 1993) are among the targets of homeoproteins, we speculate that the exchange of homeoproteins could modify surface properties associated with cell differentiation, cell migration and pattern formation. In Fig. 5 we illustrate how the model could apply to cell-cell recognition (Fig. 5A) and we compare it with the more classical view derived from the key-lock paradigm in which keys and locks would be under the control of homeogenes (Fig. 5B) . Briefly, a recipient cell internalizes the homeoproteins and responds by regulating the amount of adhesion molecules present at its surface, thus modifying adhesion strength. One advantage of the model is its parsimony because, in contrast with the lock and key model (Fig. 5B) , it requires a limited amount of different specific molecules at the cell surface. It is also noteworthy that in the model of Fig. 5A morphological decisions result from an exchange of positional information and are not pre-inscribed at the cell surface. A more detailed description of the model can be found in Prochiantz and Theodore (1995) .
Materials and methods

Production and purification of the different polypetides
Production and purification of ARr (previously named AR3At) was performed as described (Perez et aI., 1994) . pAMR3AC (expressing Amr in pET-3a; Studier et aI., 1990) was obtained by inserting the synthetic oligonucleotide 5'-TCGAGGGAGCAGAAGCTT ATCTCAGA-GGAAGATCTC-3' in the XhoI site of pAR3AC (Perez et aI., 1992) . pT9hoxA5R (expressing hHoxa5r in pET-3a) was obtained by subcloning the blunt-ended XhoI-SalI fragment of pCDM81.35+ containing the entire Hoxa-5 sequence (Odenwald et aI., 1987) , in the blunt-ended NdeI site of pET-3a, then replacing the sequence between SacII (blunt-ended with Klenow) and BamHI by the XhoI (Klenow-treated)-BamHI fragment of pAR3AC, and finally transferring the SacI-BamHI fragment into pT9, a derivative of pET-3a obtained by inserting a synthetic oligonucleotide 5', TA TGCA TCACCA TCACCACCACA-TCGAAGGTCGTATGAGCTCGCGCGCCATGG-3' coding for 6 histidine and Xa cleavage site between NdeI and BamHI. pT9hoxA5R-del4 (expressing hHoxa5HDr in pET-3a) was obtained by two consecutive deletions between SacI and BssHII, then BssHII and SfiI in pT9hoxASR. pTmHoxASR (expressing mHoxaSr in pET3a) was obtained by inserting a synthetic oligonucleotide coding for the myc epitope 5'-TATGGAACAGAAA-CTTA TCTCAGAGGAAGATCTT ATGAGCT-3' between NdeI and Sac! in pT9hoxASR.
The five proteins ARr, Amr, hHoxaSr, hHoxaSHDr and mHoxaSr were produced in E. coli (Studier et aI., 1990) , purified on nickel-or heparin-sepharose (Perez et aI., 1994) , and verified by Western blotting (see Fig. 2A ).
To construct pSP9A5m (expressing hHoxA5m in vitro), the stop codon in Hoxa-5 sequence (Odenwald et aI., 1987) was replaced by the coding sequence of the myc epitope using a synthetic oligonucleotide spanning the Sac!I-XbaI fragment 5'-GGCAGGGGGGGCTTTCCGC-CCCTTCGAACAGAAACTTATCTCAGAGGAAGATC-TTTGAGACGT-3', then the fragment between SacI and XbaI (Klenow-treated) was inserted into pT9 between Sac! and BamHI (Klenow-treated), and the NsiI-BamHI fragment of the resulting plasmid was inserted between Nsil and XbaI in a derivative of pSP35T (Amaya et aI., 1991) , together with a BamHI-XbaI fragment containing the SV40 polyadenylation signal. pSP9A5mDHD (expressing hHoxA5LlHDm in vitro) was obtained by deletion of pSP9A5m between ApaI and BstBI and T4 DNA polymerase blunt-ending. pSP6AMR3C (expressing Amr in vitro) was obtained by inserting a synthetic oligonucleotide 5'-TATGCATCACCATCACCACCA-3' in the NdeI site of pAMR3AC, then transferring the NsiIBamHI fragment of the resulting plasmid into pSP9A5m similarly cleaved.
Amr, hHoxaSm and hHoxA5LlHDm mRNAs were transcribed in vitro with SP6 RNA polymerase, then translated in a rabbit reticulocyte lysate (Promega). Plasmid engineering, sequencing, protein expression and purification were performed using published methods (Sambrook et aI., 1989; Ausubel et aI., 1994) .
Cell culture
Cell culture conditions have been described (Derossi et aI., 1994) . Small fragments of tissues taken from different regions of the embryonic rat brain at E15 were incubated in trypsin (0.25%, GIBCO) for 5 min at 37°C, washed twice in phosphate buffered saline containing 33 mM glucose (PBS) and incubated for 10 min at 37°C with 15.ug/ml DNase I (Sigma) in Dulbecco's modified Eagle's mediumIF12 supplemented with 33 mM glucose, 2 mM glutamine, 10 mM Hepes (pH 7.4), 3 mM Na-HC0 3 , 5 units/ml penicillin and 5.ug/ml streptomycin. The cells were dissociated mechanically, washed three times in serum free medium and plated at a concentration of 25000 cells/cm 2 on glass coverslips (16 mm diameter) which were previously coated with 15.ug/ml o,L-polyornithine (Sigma). All cultures were incubated in chemically defined medium consisting of serum free medium supplemented with 0.1 % ovalbumin, lOO.u g/ml transferrin, 20 nM progesterone, 20.uM putrescine, 30 nM selenium and 15.ugiml DNase I (Sigma).
Internalization of polypeptides
For immunocytochemistry, the medium was replaced after 48 h with fresh medium containing the various polypeptides at the indicated concentrations. After 3 h of incubation at either 37°C or 4°C, the cells were washed three times with PBS, fixed for 5 min at -20°C in ethanol/acetic acid (95:5), washed three times in PBS and incubated for 2 h with PBS and 10% fetal calf serum. The cells were then incubated for 1.5 h with anti-myc or antirab3A antibody, washed three times with PBS and incubated with the appropriate FITC-conjugated secondary antibody for 1 h. Thereafter the coverslips were washed three times in PBS, once in water, dried and mounted in Vectashield (Vector).
For uptake of radioactive polypeptides, freshly dissociated neurons were resuspended in 1 ml PBS containing appropriate polypeptide concentrations, 15 .ug/ml DNase I (Sigma), plus protease inhibitors (0.5 mM pefablock, l.ug/ml a-2 macroglobulin and 10 .ug/ml leupeptin). After 3 h of incubation at 4°C and regular gentle shaking, the cells were centrifuged at 700 rev.lmin, washed three times with 1 ml PBS plus protease inhibitors, once with PBS containing 500 mM NaCI and twice with PBS. The final pellet was resuspended in Laemmli buffer, boiled and frozen or directly loaded on a 14% polyacrylamide SDS gel.
Confocal microscopy
Data were obtained with a confocal scanning laser microscope Sarastro 2000 (Molecular Dynamics) as described by Derossi et al. (1994) . Sections presented were taken approximately at the mid-height level of the cells. Photomultiplyer gain and laser power were identical within each experiment.
